HEPATIC STELLATE CELLS (HSCs) are pivotal for extracellular matrix homeostasis in liver. Quiescent HSCs contain numerous vitamin A lipid droplets and are located in the space of Disse. Upon liver injury, they are transformed to active myofibroblast-like cells, which are characterized by increased proliferation, ␣-smooth muscle actin expression, and robust collagen production (3-5, 13, 19, 26, 31) . However, matrix also reciprocally regulates HSC function, including adhesion and migration through mechanical stiffness, integrin activation, and other pathways (2, 15, 20, 39, 57) . However, the mechanisms by which HSCs sense their matrix surroundings are incompletely understood.
Collagen production and removal is a dynamic balance that determines tissue architecture. Disruption of this homeostasis can lead to tissue destruction or fibrosis. In liver, HSCs are important not only for collagen production that contributes to liver cirrhosis, but also for collagen degradation during cirrhosis resolution. Collagen has been reported to be internalized by macrophages and fibroblasts (1, 30) and recently by HSCs (36, 37) . However, the mechanisms and relevance of this process remain undefined and were the focus of this investigation. Here we show that HSCs endocytose collagen and that this ultimately regulates production of the matrix-degrading protease matrix metalloproteinase 9 (MMP-9), implicating a feedback loop, whereby matrix sensing by HSCs regulates subsequent matrix degradation maneuvers. Furthermore, we provide mechanistic insight into the sensing process by showing that matrix endocytosis occurs through a macropinocytosis pathway that requires actin, dynamin, and c-abl. These studies add to our understanding of HSCs and their dynamic interaction with the matrix microenvironment.
MATERIALS AND METHODS
Reagents. Oregon-green 488-conjugated gelatin, Fluorescein Conjugate DQ type I Collagen (DQ-collagen I), LysoTracker, and Dextran 10K were from Invitrogen (Grand Island, NY). Cysteine protease inhibitor E64D was from Calbiochem (San Diego, CA). Dynasore, Cytochalasin D, blebbistatin, methyl-␤-cyclodextrin (M␤CD), Filipin, nystatin, 5-ethylisopropyl amiloride (EIPA), PDGF-BB, and fibroblast growth factor were obtained from Sigma-Aldrich (Dorset, UK). VEGF and transforming growth factor (TGF)-␤ were from R&D Systems (Minneapolis, MN). Lysosomal-associated membrane protein-1 (LAMP-1) and CD63 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Early endosome antigen (EEA) antibody was from Cell Signaling Technology (Danvers, MA).
Cell culture. Primary human HSCs were purchased from ScienCell Research Laboratories (Carlsbad, CA) and used at low passage (P3-5; catalog no. 5300). These cells have been well characterized and used widely in prior publications (10, 32, 46) . Wild-type mouse embryonic fibroblast (MEF) cells, MEF cells isolated form c-abl and Arg doubleknockout mice (c-abl Ϫ/Ϫ MEF), and MEF cells isolated from Yes, Src, and Fyn knockout mice (YSF Ϫ/Ϫ MEF) were kindly provided by Drs. E. Leof and M. McNiven, respectively (Mayo Clinic, Rochester, MN) (9, 58) . Immortalized human-derived LX2 cells (54) are immortalized HSCs with a myofibroblast-like phenotype that were used in some experiments along with human HSCs. Cells were cultured in DMEM or specialized HSC medium, supplemented with 10% fetal bovine serum, 1 mmol/l L-glutamine, and 100 IU/ml streptomycin/ penicillin.
Collagen endocytosis. HSCs or LX2 cells were incubated with indicated concentrations of Oregon Green-labeled gelatin, DQ-collagen I, or Dextran 10K for indicated time in the absence or presence of 20 m E64D. Cells were extensively washed and fixed with 4% paraformaldehyde and stained with LysoTracker. For subcellular localization analysis, cells were stained with EEA to mark early endosomes, LAMP-1 for late endosomes, and CD63 for multivesicular body marking. Images were taken with a Zeiss LSM 510 microscope.
For fluorescence-activated cell sorting (FACS), HSCs or LX2 cells were plated in six-well dishes, starved overnight with serum-free medium, and treated with indicated compounds for 30 min before incubation with fluorescent-labeled collagen or gelatin. Cells were extensively washed, trypsinized, and fixed with 2% formaldehyde and subjected to FACS analysis.
mRNA extraction, PCR array, real-time quantitative PCR. To quantify the steady-state concentration of mRNAs, total RNA was extracted using RNeasy Mini kit (Qiagen, Crawley, West Sussex, UK) according to the manufacturer's instructions, quantified using a Spectrophotometer, and reverse transcribed. Real-time quantitative PCR was performed in an Applied Biosystems 7500 Real-time PCR System (Foster City, CA) to quantify the steady-state concentration of RNA using a SYBR Green PCR Kit. Primers are detailed in Table 1 . The reaction contained 3.6 -7.3 ng RNA and 0.5 M primers. The relative gene expression (fold of GAPDH) of each gene was calculated by using ⌬C T method. RT 2 Profiler PCR Array (Venlo, Netherlands) was performed per the manufacturer's instruction.
Western blotting and zymography. Conditioned medium was collected and centrifuged at 270 g for 3 min to remove cellular debris. Cells were lysed in RIPA buffer. Protein concentration in lysates was measured and used to normalize protein loading of gels. Cell extracts and conditioned medium were diluted fourfold in lysis buffer and reduced with 5% ␤-mercaptoethanol and then fractionated by PAGE and analyzed by Western blotting. Detection was performed using enhanced chemiluminescence.
MMP-9 activity in conditioned medium was evaluated by zymography as described (11) . Briefly, 7.5% polyacrylamide gels containing 2 mg/ml gelatin were subjected to electrophoresis under nonreducing conditions. Following electrophoresis, SDS was removed by washing in 2.5% Triton X-100, and gels were incubated at 37°C for 18 h in 50 mM Tris·HCl, pH 8.0, 50 mM NaCl, 10 mM Ca 2Cl, and 0.05% Triton X-100. Gels were then stained in 0.2% Coomassie Brilliant Blue. Gelatinase activity was detected as clear bands on a dark background. Densitometric analysis of bands was performed.
Gene ontology analysis. We used the software package The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (17) for gene ontology analysis. In brief, the GeneBank IDs of the genes from PCR array were inputted into the tools for gene ontology analysis of biological process and cellular components. The results were ranked based on adjusted P values using BenjaminiHochberg method for multiple-comparison corrections. The count represents the number of genes involved in that function group, with the percentage of genes in the input genes that are involved in that function.
Statistical analysis.
Results are expressed as means Ϯ SE. Significance was established using the Student's t-test and ANOVA when appropriate. Differences were considered significant when P Ͻ 0.05.
RESULTS

HSCs and LX2 cells internalize collagen.
To test the hypothesis that collagen internalization could regulate extracellular matrix dynamics, we initially investigated whether primary HSCs can internalize collagen. Collagen I was chosen for this study because it is pathologically increased in liver cirrhosis (38) . When DQ-collagen I (1 g/ml) was incubated with HSCs for 3 h at 37°C to allow visualization of internalized molecules, a pronounced intracellular vesicular accumulation of fluorescent signal was observed (Fig. 1A) . As seen in confocal microscopy images in Fig. 1A , these collagen-containing vesicles (green) colocalized with LysoTracker (red), a marker for lysosomes. These data indicate that the collagen is internalized and is routed to lysosomes. As endocytosis is susceptible to temperature changes, we tested specificity of effect by performing studies at 4°C, a temperature broadly used to block endocytosis. As shown in Fig. 1A , the intracellular collagen-containing vesicles were significantly decreased at 4°C compared with 37°C. The results were further confirmed by using FACS to quantify collagen internalization. At 37°C, 91% of cells contained intracellular collagen; however, only 0.01% cells were positive at 4°C, suggesting that collagen internalization occurs through endocytosis (Fig. 1B) . To explore temporal kinetics of collagen endocytosis, we incubated HSCs or LX2 cells with 0.5 g/ml collagen for varying durations. As shown in Fig. 1C , HSC collagen endocytosis increased with incubation time; 53% of HSC cells were positive at 60 min, and 81% were positive at 360 min. The extracellular concentration of collagen also regulated collagen internalization; 30% of HSC cells incubated with 0.1 g/ml gelatin for 3 h internalized collagen, which increased to 81% with 1.0 g/ml and plateaued with subsequent increases in collagen concentration (Fig. 1D) . Although LX2 cells showed slower endocytosis kinetics, they were able to internalize collagen as well (Fig. 1, C and D) . Experiments using human and mouse pancreatic stellate cells showed similar results to that of LX2 and HSCs, suggesting that collagen internalization is a general phenomenon of stellate cells (data not shown). Additionally, experiments carried out using Oregon-green 488 gelatin (1 g/ml; degradation product of full-length collagen) showed similar concentration-and temperature-dependent internalization, indicating that both collagen and its degradation products can be effectively internalized. Finally, we evaluated effects of HSC growth factor activation on collagen endocytosis. Both TGF-␤ and PDGF-BB significantly, albeit modestly, increased collagen internalization compared with vehicle-treated HSCs (Fig. 1E) .
Collagen endocytosis occurs through macropinocytosis. We next sought to discern the mechanism of collagen endocytosis by HSCs. A recent study suggested that macropinocytic endocytosis may be an important route for cell sensing (8) . To test whether stellate cells use macropinocytosis as an endocytic pathway for collagen, we first performed studies with Dextran 10K, a classic marker for macropinocytosis. We treated cells with DQ-collagen I and Alexa Fluor 647 Dextran 10K together for 3 h. FACS analysis revealed that about 62% of cells cointernalized collagen and Dextran 10K (Fig. 2, A and B) . We A: human HSCs were incubated with DQ collagen I (1 g/ml, green) at indicated temperature for 3 h. LysoTracker (red) was added in the last 15 min of incubation. Pictures were taken using a LSM 520 confocal microscopy. In negative control (cells incubated with collagen without fluorescent labeling) or HSCs incubated with DQ collagen I (1 g/ml) at 4°C for 3 h, LysoTracker (red) was shown scattered in the cytoplasm, but there was no collagen internalization as quantified by confocal microscopy. However, in HSCs incubated with DQ collagen I (1 g/ml) at 37°C for 3 h, internalized collagen (green) colocalized with Lysotracker (red), as shown in the merged image as yellow. High-zoom colocalization image is also shown with colocalization, highlighted with arrows. B: human HSCs were incubated with DQ-collagen I (1 g/ml) at indicated temperature for 3 h and then subjected to fluorescence-activated cell sorting (FACS) analysis. C: LX2 cells and human HSCs were incubated with DQ-collagen I (0.5 g/ml) for indicated time and then subjected to FACS analysis (n ϭ 3 independent experiments; P Ͻ 0.05 compared with time zero). D: human HSCs and LX2 were incubated with DQ-collagen I at indicated concentration at 37°C for 3 h and then subjected to FACS analysis (n ϭ 3; P Ͻ 0.05 compared with time zero). E: HSC were preincubated with transforming growth factor (TGF)-␤1 (5 ng/ml), PDGF-BB (100 ng/ml), FGF (10 ng/ml), or VEGF (5 ng/ml) for 30 min at 37°C before incubation with DQ collagen I (0.5 g/ml) for 3 h at 37°C and then subjected to FACS analysis (n ϭ 3; *P Ͻ 0.05 compared with control). quantification data of FACS are depicted (n ϭ 3, *P Ͻ 0.05). C: human HSCs were incubated with DQ collagen I (1 g/ml, green) and Dextran 10K (0.2 mg/ml) (blue) at 37°C for 3 h. Representative micrographs were taken using a LSM 520 confocal microscopy and showed internalized collagen (green) colocalized with Dextran 10K (blue) in the merged image. High-zoom colocalization image was also shown. D: LX2 cells were incubated with DQ-collagen I (1 g/ml, green) for 3 h at 37°C. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X. Early endosome antigen (EEA), lysosomal-associated membrane protein-1 (LAMP-1), and CD63 (red) antibodies were used for fluorescence analysis.
eventually targeted for degradation (Fig. 2D) , which is consistent with previous reports (22, 30) . Collagen macropinocytosis occurs through an actinregulated signaling network that requires dynamin-2 and phosphoinositide-3-kinase/AKT. We next sought to examine the signaling mechanism of collagen macropinocytosis in greater detail. The involvement of the large GTPase-and endocytosis-regulating protein, dynamin-2, in collagen internalization was investigated using a dominant-negative dynamin-2 construct containing a well-characterized K44A point mutation (7) . HSCs were transiently transfected to express control adenovirus or K44A dynamin-2. Cells expressing K44A dynamin-2 showed significantly decreased collagen internalization by 77% (Fig. 3A) . The data were further confirmed by pretreatment of HSCs or LX2 cells with Dynasore (20 M), a pharmacological inhibitor of dynamin, which diminished HSC collagen endocytosis by 51% (Fig. 3A) . Because macropinocytosis is an actin-dependent endocytic process, we next tested pharmacological inhibitors of actin cytoskeleton dynamics and myosin activity on collagen internalization by HSCs. Cells were preincubated with Cytochalasin D (0.5 M) to inhibit actin polymerization, ML7 (1 M) to inhibit myosin light chain kinase, or blebbistatin (50 M) to block myosin II for 30 min before cells were incubated with DQ-collagen I for 3 h. FACS analysis showed that Cytochalasin D, ML7, and blebbistatin all decreased collagen internalization by 47%, 45%, and 39%, respectively (Fig. 3B) . These data suggest that actin and myosin are important for collagen endocytosis in HSCs. Because dynamin regulates both clathrin-and caveolae-dependent endocytosis, we next explored which of these pathways mediated collagen endocytosis using a panel of pharmacological inhibitors. Cells were pretreated with inhibitors of caveolae-dependent endocytosis [5 mM M␤CD (49), 5 g/ml filipin (44), 30 M nystatin (41), or clathrin-dependent endocytosis (0.45 M sucrose) (16)] for 30 min, and then collagen endocytosis was measured. Whereas sucrose inhibited endocytosis, inhibitors of caveolae pathway did not, indicating that collagen endocytosis occurs through a clathrin-dependent pathway (Fig. 3C ). Phosphoinositide-3-kinase (PI3K) and the downstream effector protein AKT are important in regulating completion of macropinocytosis (43) . We next tested their roles in collagen internalization by HSCs Fig. 3 . Collagen internalization is regulated by Dynamin-2, phosphoinositide-3-kinase/ AKT, and actin cytoskeleton. Human HSCs were infected with K44A mutant Dynamin-2 adenovirus for 24 h or pretreated with Dynasore (A), blebbistatin, ML7, or Cytochalasin D (B), methyl-␤-cyclodextrin (M␤CD), filipin, nystatin, or 0.5 M sucrose (C), or wortmannin or AKT inhibitor (D) for 30 min before DQ-collagen I (0.5 g/ml) incubation for 3 h. Cells were subjected to FACS analysis to measure matrix protein endocytosis (n ϭ 4, *P Ͻ 0.05 compared with positive control). E: DAPI exclusion assay was used to identify the percentage of viable cells, which was not significantly different between control and compounds assessed. using pharmacological inhibitors. Wortmannin and AKT inhibitor blocked collagen internalization by 70% and 90%, respectively (Fig. 3D ). Under the current concentration and treatment durations, we did not observe significant effects of the pharmacological inhibitors on cell viability based on DAPI uptake (Fig. 3E) . These studies indicate that collagen macropinocytosis occurs through a dynamin-, PI3K/AKT-dependent actin-regulated pathway.
C-abl, but not Src is critical for macropinocytosis. Both c-abl and Src family nonreceptor tyrosine kinases are important for matrix dynamics and have been implicated in PI3K/AKT signaling. We therefore hypothesized that c-abl and Src may be important for HSC collagen endocytosis. We used MEF cells isolated from c-abl and Arg double-knockout mice (c-abl Ϫ/Ϫ ) and MEF cells from YSF Ϫ/Ϫ . These double-and triple-knockout cells delete multiple family members with redundant functions. Compared with wild-type MEF, c-abl Ϫ/Ϫ MEF showed less collagen internalization at a range of collagen concentrations (Fig. 4A) . Surprisingly, YSF
Ϫ/Ϫ MEF cells demonstrated significantly enhanced collagen endocytosis compared with wild-type cells (Fig. 4A) . To explore this unexpected result further, we measured c-abl activity using phospho-CrkII as a readout. Western blot data showed increased phospho-CrkII in YSF Ϫ/Ϫ MEF compared with WT MEF (Fig. 4B) . These studies indicate that c-abl activity is upregulated in YSF Ϫ/Ϫ MEF and may account for the unanticipated increase in collagen endocytosis observed in these cells.
Interaction of collagen with HSCs regulates genes related with extracellular matrix dynamics. Finally, we studied the functional response of HSCs to extracellular collagen. As a first step, we performed a targeted PCR array to determine changes in mRNA transcripts in HSCs in response to collagen. Multiple targets related with collagen degradation or synthesis were changed upon HSC interaction with collagen, including a prominent increase in MMP-9 ( Table 2) . We next performed quantitative real-time PCR for a number of individual matrix regulatory proteins to confirm the array data. This analysis confirmed that MMP-9 was upregulated by 3.7-fold (Fig. 5A ) after HSCs interact with collagen. Several other changes were observed as well (Fig. 5, B-D) , but we focused on MMP-9 for further confirmation and analysis owing to the known role of this protein in matrix degradation. Gelatin zymography confirmed increased MMP-9 activity in response to collagen (Fig.  5E ). In addition to effects on MMP activity, interaction with collagen significantly decreased collagen I␣ mRNA levels by 22% based on RT-PCR (Fig. 5D) . Moreover, mRNA levels of collagen XVIII ␣1 were also diminished in the microarray analysis (Table 2 ). These data indicate that extracellular collagen initiates a response in HSCs that regulates matrix dynamics through mechanisms that include MMP-9 as well as collagen production. Additionally, gene ontology analysis suggested that genes regulating wound-healing response, cell survival/apoptosis, and those encoding proteins residing in the extracellular space were among the highly regulated genes (Tables 3, 4 , 5, and 6). This analysis supports previous observations suggesting important survival signal provided by cellular collagen interaction and also supports our data that interaction with extracellular matrix (collagen) by cells is able to provide feedback to its surrounding extracellular components. However, it should be noted that the present analysis could not distinguish whether the observed signaling effects are secondary to collagen ligand interaction with a collagen membrane receptor, such as an integrin family member vs. the internalization process itself.
DISCUSSION
Tissue collagen homeostasis is tightly regulated by collagen production and degradation. Imbalance of this homeostasis leads to tissue destruction or fibrosis. In the current study, we investigated whether HSCs internalize collagen as a means to sense their microenvironment and respond accordingly. We make the novel observation in this study that human HSCs internalize collagen through a macropinocytosis mechanism that is regulated by dynamin-2 and c-abl and that interaction of collagen with HSCs provides feedback on MMP-9 production.
In this study, we identify macropinocytosis, a nonselective endocytosis pathway, as a mechanism for collagen endocytosis by HSCs. This was based on colocalization studies with Dextran 10K as well as inhibition of matrix endocytosis by com- pounds that perturb macropinocytosis, including EIPA. Perturbation of actin cytoskeleton, PI3K/AKT signaling, and the large GTPase dynamin-2 also diminished HSC collagen internalization. Prior studies have implicated these pathways in macropinocytosis (27, 35) . Innate immune cells such as macrophages continuously survey their environment in search of foreign particles and soluble antigens through macropinocytosis (24, 27) . Our study suggests that HSCs also use this mechanism to examine and respond to environmental changes and highlight increasing evidence for innate immune surveillance function of HSCs, especially considering that some matrix proteins can stimulate Toll-like receptor 4 and other innate immune markers on HSCs (6, 45, 52). The interaction between HSC and extracellular matrix is complex. Extracellular collagens can be recognized by cells through putative collagen receptors including integrins, the discoidin domain receptors (DDRs), and mannose receptor family, which upon ligand binding elicit different signaling pathways that respond to extracellular matrix (14, 25, 48, 56) . Interaction of integrin with collagens provides multiple cues, including cell-extracellular matrix adhesion and cellular polarization that eventually regulate many aspects of cell behavior, including positive or negative feedback on synthesis of the extracellular proteins themselves. For example, prior observations suggest that negative feedback regulation of collagen synthesis is a major role of integrin ␣1␤1 receptor stimulation in fibroblasts (23, 40) . DDR receptors regulate cell adhesion, migration, proliferation, and remodeling of the extracellular matrix by controlling the expression and activity of MMPs (42, 55) . Similarly, uPARAP/Endo180 from the mannose receptor family was found to be important for collagen internalization in activated rat HSCs (37) and other cultured cells (12, 29, 33, 37, 51) . Our study provides evidence that collagen macropinocytosis is an additional communication mechanism between HSCs and extracellular matrix. Further studies will be required to elucidate the distinct or related roles of matrix-receptor binding and macropinocytosis when HSCs are exposed to collagen in the microenvironment.
Surprisingly, nonreceptor tyrosine kinase family members, c-abl and Src, differentially regulated HSC collagen uptake. MEF cells with c-abl and Arg double knockdown showed decreased collagen uptake compared with control MEF cells. C-abl tyrosine kinase likely regulates macropinocytosis by regulating Abi1 interactions with several actin polymerization regulatory complexes, including PI3K, whose involvement in actin dynamics is well established (53) . In contradistinction, MEF cells with Src isoform deletion showed enhanced collagen uptake compared with control MEF. Indeed, CRK phosphorylation was increased in YSF MEF, indicating that lack of Src may lead to a compensatory upregulation of c-abl with ensuing increase in matrix macropinocytosis in these cells. Although most of our studies were performed in the absence of TGF-␤1 stimulation, the signaling networks we studied are classically downstream from TGF-␤1 stimulation, and this growth factor did stimulate collagen internalization in our studies and in prior studies (18) .
Although recognized predominantly for their fibrogenic activity, HSCs also degrade matrix by producing proteolytic 
Ϫ11.7942
Hepatic stellate cells (HSCs) were treated with vehicle or collagen for 2 h before mRNA was extracted for PCR array. The data were arranged according to mRNA fold change upon collagen interaction.
MMPs. Collagen degradation includes the cleavage of fulllength extracellular collagen by collagenases (MMP-1, -2, -8, -13, and the membrane-bound MMP-14 and -15) followed by further byproduct cleavage by the gelatinases, MMP-2, or MMP-9 (28, 34, 47) . Degraded collagen is then internalized by cells and targeted to lysosomes, a step that may account for the rheostatic function of HSCs, as proposed in the present study. Thus the proteolytic degradation of matrix may achieve the goal of allowing HSCs to "sample and respond" to extracellular matrix dynamics by modifying collagen production or collagen-degrading enzymes. Indeed, we did observe an increase MMP-9 in production in response to collagen endocytosis, supporting such a feedback loop. A prior study supporting this concept showed that HSCs generate MMP-2 in response to type I collagen fibril exposure (50) . In addition to MMP, interaction with collagen significantly decreased HSC collagen I␣ and collagen XVIII ␣1 mRNA transcripts, indicating a negative feedback on collagen production. In summary, the present studies identify a role for HSCs as a sensor and responder to the extracellular matrix microenvironment through their ability to endocytose extracellular matrix proteins and adjust their production of proteases in response to what they sample.
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